Spermatocytes, the most sensitive male germ cells to heatinduced apoptosis, do not respond to hyperthermia by inducing heat shock proteins (HSPs), including HSP70i, which has been previously shown to confer resistance to apoptosis in somatic cells. To dissect the mechanism of heat-induced apoptosis and to determine if we could protect spermatocytes by expressing HSP70i, we engineered transgenic mice that express in spermatocytes constitutively active heat shock transcription factor (HSF)1. Such HSF1 expression did not lead to transcription of inducible Hsp70 genes, but instead induced caspase-dependent apoptosis that mimicked heat shock-induced death of spermatogenic cells. Both mitochondria-dependent and death receptor-dependent pathways appear to be involved in such HSF1-induced apoptosis: the levels of Bcl-2 family proteins became increased, p53 protein accumulated and expression levels of caspase-8 and deathreceptor-interacting proteins (including Fas-associated death domain protein and TNF receptor associated death domain protein) became elevated. Surprisingly, the constitutive spermatocyte-specific expression of HSP70i in doubletransgenic males did not protect against such HSF1-induced apoptosis.
Introduction
Spermatogenesis is a dynamic, highly ordered process encompassing germ cell proliferation, differentiation and cell death, by which mature haploid spermatozoa are produced (reviewed in Parvinen 1 ). Primitive stem cells, called type A spermatogonia, proliferate and give rise to type B spermatogonia, which in turn differentiate into more specialized cells called spermatocytes. Spermatocytes undergo meiotic divisions and give rise to round spermatids. Subsequently, spermatids undergo a remarkable morphogenetic transformation to become spermatozoa.
Altered regulation of apoptosis during spermatogenesis is a medically important problem associated with male infertility. Apoptosis occurs during normal spermatogenesis, which is estimated to eliminate up to 75% of the potential number of mature spermatozoa. Furthermore, apoptotic death can be induced in these cells by alterations in hormonal support, exposure to toxic insults or increased scrotal temperature (reviewed in Print and Loveland 2 and Hikim et al. 3 ). In the majority of mammals male gonads are located outside the main body cavity, which provides a lower testicular temperature required for normal spermatogenesis and fertility. Consistently, suppression of spermatogenesis caused by testicular hyperthermia has been observed in certain disorders, such as cryptochidism and acute febrile diseases (reviewed in Kandeel and Swerdloff 4 ). The incidence of germ cell apoptosis is markedly increased under conditions of testicular hyperthermia. Among the various germ cell types, primary spermatocytes are the most sensitive to local heat stress. [5] [6] [7] Somatic cells respond to thermal insult by inducing a set of heat shock proteins (HSPs) -a class of molecular chaperones involved in different cellular processes, whose main functions are to maintain the native folded states of cellular proteins and provide maintenance of cellular homeostasis and survival. Numerous studies demonstrate that cytoprotective functions of HSPs can be largely attributed to suppression of apoptosis (reviewed in Beere 8 and Sreedhar and Csermely activation by the apoptosome, 13 and (ii) antagonizing the action of apoptosis-inducing factor (AIF), which is involved in caspase-independent apoptosis. 14 In fact, different HSPs can interfere with both anti-and proapoptotic pathways (reviewed in Beere 8 and Sreedhar and Csermely 9 ). Numerous studies, however, have shown that overexpression of HSP70, in either transgenic mice or transfected cells, can protect different somatic cells from apoptotic death induced not only by the hyperthermia 15 but also by other stimuli, including ischemia, 16 nitric oxide, 17 adriamycin, 18 UV-B radiation 19 or pathogenic viruses. 20 Two members of the HSP family are expressed normally under non-heat shock conditions specifically during spermatogenesis. Spermatocyte-specific HSP70, called HSP70.2 in mice and HST70 in rats, is expressed in pachytene spermatocytes during the meiotic phase. [21] [22] [23] Another testisspecific HSP70, called HSC70t, is expressed in postmeiotic spermatids. 24 In response to mild hyperthermia, HSP70i expression is induced in the somatic compartment of testes and possibly in the premeiotic germ cells, but is not induced in spermatocytes. 25, 26 It is known that testis-specific HSP70 proteins are crucial for development of male germ cells. 27 However, the mechanism of their cytoprotective action is not known at present.
The transcription of genes encoding HSPs requires activated heat shock transcription factors (HSFs), which in vertebrates constitute a family with several members (HSF1-4). Vertebrate HSF1 is a functional homolog of HSF found in lower eukaryotes, and its activation is induced in vivo by different forms of cellular stress (e.g. heat shock). 28, 29 HSF2 is activated in a developmentally related manner, HSF4 is expressed in a tissue-specific manner, while heat-responsive HSF3 is expressed only in birds (reviewed in Pirkkala et al. 30 and Voellmy 31 ). More recently, HSF-similar factor HSFY, which is expressed predominantly in testis, has been discovered. 32, 33 Under physiological conditions HSF1 exists as an inactive monomer, while trimerization of HSF1 takes place in response to cellular stress and the trimer binds cisacting DNA sequences termed heat shock elements (HSEs) (reviewed in Fernandes et al. 34 ). Activation-induced oligomerization of HSF1 is controlled by intra-and intermolecular hydrophobic interactions mediated by several conserved repeated motifs. [35] [36] [37] Deletion of certain conserved regions of HSF1 leads to its constitutive trimerization and activation (reviewed in Voellmy 38 ). One would hypothetically expect that activation of HSF1 in spermatogenic cells should lead to the expression of inducible HSPs, which should render cytoprotective effects. However, it has been observed previously that neither heat-induced activation of HSF1 26 nor overexpression of active HSF1 results in expression of HSP70is in spermatogenic cells. 39 In fact, though HSF1 acts as a cell-survival factor in premeiotic germ cells, 26 expression of a constitutively active form of HSF1 in spermatocytes of transgenic mice induces massive degeneration of the seminiferous epithelium, which leads to male infertility. 39, 40 Here we have studied mechanisms such as tissue degeneration and demonstrate that both mitochondrial-dependent and death receptor-dependent apoptotic pathways are involved. We have also tested the hypothesis that such HSF1-induced apoptosis in spermatocytes might be a result of the lack of induction of the antiapoptotic protein HSP70i. Surprisingly however, we found that the constitutive spermatocyte-specific expression of HSP70i in double-transgenic males does not protect against such HSF1-induced apoptosis.
Results
Expression of constitutively active HSF1 in cultured somatic cells results in the induction of HSP70 under non-heat shock conditions
As we aimed to express a constitutively active form of HSF1 in mouse spermatocytes in vivo to presumably induce HSPs and mimic the conditions of heat shock, we first tested whether such expression in cultured mouse cells would induce HSP70 expression at physiological temperatures. For this purpose, we used a construct expressing hHSF1DRD under the control of the human b-actin gene promoter, corresponding to human HSF1 with a deletion in a heat-responsive regulatory domain (RD; residues 221-315), previously shown to produce a constitutively active form of this factor. 39 Mouse melanoma B16 cells were transiently transfected with this construct, and the levels of HSF1, the HSE-binding activity and the levels of HSP70i were tested compared to nontransfected B16 cells, either before or after heat shock ( Figure 1 ). As shown in Figure 1a , in addition to the longer endogenous mHSF1 form, the shorter hHSF1DRD species was also detected in transfected cells grown at physiological temperature. The DNA-binding activity of HSF1 species was also examined in nuclear extracts before and after heat shock using the 'gel shift' assay with synthetic HSE duplex oligonucleotide. As shown in Figure 1b , nontransfected cell extracts exhibited an HSE-HSF1 complex only after heat shock, while transfected cell extracts formed a major HSE-hHSF1DRD complex both before and after heat shock. Finally, as shown in Figure 1c , HSP70i proteins were expressed only after heat shock in Expression of constitutively active HSF1 in the testes of transgenic mice
To specifically express hHSF1DRD in spermatogenic cells of transgenic mice, we chose to utilize a 3.5 kb segment of the spermatocyte-specific promoter of the rat Hst70/Hsp70.2 gene, which contains all the regulatory elements required for efficient, cell-type-specific expression of a transgene. 41, 42 The hHSF1DRD gene under the control of the rat Hst70/Hsp70.2 gene promoter (Figure 2a ) was used to generate three lines of transgenic mice and the line with highest testis-specific expression of the hHSF1DRD was chosen for further experiments. Though transgenic males proved to be infertile, transgenic females were fertile and did not reveal any specific phenotype. To determine whether the transgene was expressed in testes, RNA isolated from testes was analyzed by RT-PCR using a primer pair specific for hHSF1DRD (the specificity was further confirmed by hybridization of RT-PCR products with a radioactive internal probe specific for hHSF1DRD). As shown in Figure 2b , hHSF1DRD transcripts could be detected in testes of 15-day-old and older transgenic males (an RT-PCR product that was observed in samples from 10-day-old mice was not specific for the transgene). As day 15th post partum corresponds to the onset of the pachytene stage of the first meiotic division, the observed timing of this expression pattern correlates well with the spermatocyte-specific promoter that we used. The appearance and accumulation of the hHSF1DRD protein in the testes of transgenic mice was then analyzed by Western blotting. As expected from the transcript levels, hHSF1DRD protein could be detected in 15-day-old animals and further accumulation was observed in testes of 3-week-old and older transgenic males (Figure 2c ). Although we have previously found that low amounts of the endogenous Hst70/Hsp70.2 gene transcripts could be detected also in brain, 43 hHSF1DRD transcripts were not detected in any somatic tissues of our transgenic mice (data not shown). We conclude that we have established transgenic mice that exhibit testis-specific and developmentally specific expression of constitutively active HSF1.
Expression of constitutively active HSF in mouse spermatocytes does not lead to the induction of HSP70i proteins
We first performed RT-PCR assays to determine whether Hsp70i gene transcripts appeared in transgenic mice testes upon expression of constitutively active HSF1. The primer pair utilized was complementary to both mouse Hsp70 inducible genes, Hsp70.1 and Hsp70.3 (the specificity was further verified by hybridization of the amplified fragment with a radioactive internal probe specific for both Hsp70is). At the same time, two control RT-PCR reactions were performed: to detect the Hst70/Hsp70.2 transcripts (a marker of spermatocytes) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts (a control for the quantity and quality of Figure 3a , in developing testes transcripts of inducible Hsp70i genes could be detected only at day 10 after birth, in either nontransgenic or transgenic males. The constitutive Hst70/Hsp70.2 transcripts were present in testes of mice at all time points investigated, although 5 days after birth the level of transcripts was significantly lower than in that in the testes of older mice (transcripts present in the testes of 5-and 10-day-old males originate from the T2 transcription start site and are not translated 44 ). As expected from the RNA transcript data, the HSP70i proteins could only be detected in the testes of 10-day-old males. Although low amounts of HSP70i could also be detected in the testes of some 15-dayold animals, no protein was found in older animals ( Figure 3b ). To summarize, although hHSF1DRD is transcriptionally competent and activates Hsp70i genes in somatic cells, and is expressed in our transgenic animals in the testes, it is unable to activate the endogenous Hsp70i genes in spermatocytes. These results demonstrate that the endogenous Hsp70i genes are repressed in meiotic and postmeiotic spermatogenic cells, possibly at the level of chromatin structure, and cannot be activated by HSF1.
The spermatocyte-specific expression of the constitutively active HSF1 leads to activation of caspase-3 and apoptosis of spermatogenic cells
We have previously observed that spermatocyte-specific expression of the hHSF1DRD resulted in infertility of transgenic males that was caused by a massive degeneration of the seminiferous epithelium in adult animals. 40 To determine the mechanism of such degeneration, we first performed immunohistochemical analysis on testes from 15-, 18-, 22-day-old as well as older mice to detect apoptosisspecific DNA breaks (using the TUNEL assay) and active caspase-3 ( Figure 4 ). Only few individual cells containing either DNA breaks or active caspase-3 could be detected near the basement membrane of seminiferous tubules of nontransgenic males, which reflects apoptosis of premeiotic spermatogenic cells. 45 In marked contrast to wild-type males, clusters of cells containing active caspase-3 could be detected centrally within the seminiferous tubules of transgenic males (15-day-old and older), presumably corresponding to the hHSF1DRD-expressing spermatocytes. As development proceeded, clusters of cells with numerous DNA breaks were detected in the lumen of seminiferous tubules of transgenic animals (starting from 18-day-old) that corresponded to a progression of apoptosis. Generally, in tubules where cells with DNA breaks were visible, active caspase-3 was also stained. However, there were usually more TUNEL-positive cells as compared to caspase-positive cells in a particular tubule. Most surprisingly, only few spermatogenic cells were found to be a double-positive (1-3 cells per tubule section; Supplementary Figure S1 available at the Cell Death and Differentiation website). The data suggest that the amount of active caspase-3 diminishes at the time when DNA breaks accumulate and can be detected. However, we cannot exclude the possibility that some spermatogenic cells die by a caspase-independent apoptosis.
The spermatocyte-specific expression of the constitutively active HSF1 leads to increased levels of proapoptotic proteins associated with both mitochondrial and death-receptor pathways
To further characterize apoptotic processes in the testes of these transgenic mice, we assayed for the presence of apoptosis-related proteins in testicular cell lysates by Western blotting using a panel of antibodies. Animals, 15-day-old, when hHSF1DRD becomes first expressed, and 22-day-old animals, where apoptosis of spermatogenic cells is in progress, were selected for this analysis ( Figure 5 ). Proteins associated with the mitochondrial pathway of apoptosis were Figure 4 The expression of constitutively active HSF1 in spermatogenic cells results in DNA fragmentation and caspase-3 activation. Detection of DNA breaks (by TUNEL assay) and active caspase-3 (by immunohistochemistry) in seminiferous tubules of wild-type and pHST-hHSF1DRD transgenic mice, 15, 18 or 22 days after birth. The scale bar represents 100 mm Table 1 first analyzed ( Figure 5 , left panel). We observed that the levels of proapoptotic (Bad and Bax) and antiapoptotic (Bcl-2 and Bcl-X L ) Bcl-2 family proteins were higher in the testes of 15-and 22-day-old transgenic animals as compared to nontransgenic controls. Importantly, the levels of examined Bcl-2 family proteins were higher in the testes of 15-day-old animal, nontransgenic controls as compared to 22-day-old nontransgenic animals as well. Such increased levels of Bcl-2 protein family apparently reflect the 'physiological' early apoptotic wave in premeiotic germ cells that is essential for normal spermatogenesis which peaks at approximately 2 weeks after birth. 46, 47 In addition, markedly elevated levels of p53 protein occurred in the testes of transgenic animals (either 15-or 22-day-old) as compared to nontransgenic controls. The Fas ligand and three adapter proteins interacting with death receptors (TNF receptor associated death domain protein (TRADD), Fas-associated death domain protein (FADD) and TNF receptor-interacting protein (RIP)) involved in the activation of initiator caspase-8 were also analyzed ( Figure 5 , right panel). Although the levels of Fas ligand and RIP remained unchanged, the levels of FADD and TRADD proteins increased in the testes of transgenic males, the former one also early after activation of the transgene (15-day-old mice). The differences in the levels of mitochondriarelated and death receptor-related apoptotic proteins between transgenic and nontransgenic animals were reproducibly significant (Supplementary Table S1 available at the Cell Death and Differentiation website). In agreement with immunohistochemical data (Figure 4) , the level of active caspase-3 was elevated markedly in the testes of transgenic animals. We also examined the levels of subunits associated with a major apoptotic DNase -DNA fragmentation factor (DFF). The level of its inhibitory subunit (inhibitor of CAD (ICAD)/DFF45), which is cleaved by caspase-3 during apoptosis, was not reduced in the testes of 22-day-old transgenic animals. This unexpected observation is presumably due to the presence of excess intact ICAD from nonapoptotic cells in the material tested. Interestingly, the level of the catalytic subunit of the nuclease (caspase-activated DNase (CAD)/DFF40) was elevated in the testes of transgenic males. Taken together, the above results demonstrate that the levels of several proapoptotic proteins associated with both mitochondrial 'intrinsic' and death-receptor 'extrinsic' pathways become increased in spermatogenic cells expressing hHSF1DRD.
In addition, we have accessed the activity of caspase-3, caspase-8 and caspase-9 in extracts from testicular cells using specific colorimetric substrates. The activities of each of three caspases were measured in extracts from 15-day-old transgenic animals and compared to such activities in wildtype males. The in vitro activities of all three caspases were slightly higher in extracts from the testes of transgenic animals: 1.5-1.3-and 1.1-fold increase for caspase-3, caspase-8 and caspase-9, respectively. Although we have observed only moderate increases in the caspase activities in transgenic animals, apparently because of heterogeneity of analyzed tissue, the data support the notion that both 'intrinsic' and 'extrinsic' pathways can be involved in the HSF1-induced apoptosis.
Expression of constitutively active HSF1 modestly affects gene expression profiles in the testes of transgenic males
We have further studied the effects of the hHSF1DRD expression by an analysis of global gene expression profiles in the testes of 15-day-old transgenic animals. Expression profiles from three transgenic and four nontransgenic animals were compared using oligonucleotide microarrays. We selected 713 genes that showed differential expression between both groups and properly subdivided the analyzed tissues into wild type or transgenic (Figure 6a) . However, the change between the expression profiles of nontransgenic and transgenic animals was not large enough to pass the multiplecomparison P-value threshold. The gene ontology classification performed on 713 selected genes revealed that 'DNA binding' and 'DNA-dependent regulation of transcription' classes are the most numerous (51 and 34 genes, respectively; overlap P-value o0.05). Subsequently, we have assessed which of 713 'differentiating' genes were related to either chaperones/cellular stress or apoptosis. We have found 11 chaperone-related transcripts in the set of such differentiators. The most prominent difference was visible for Hsp105 gene (about a 50% increase in the absolute value, Figure 6b ). The levels of transcripts of other chaperones (Hsp40 and Hsp60) also slightly increased in the testes of transgenic animals. A total of 10 genes related to apoptosis (GO term 6915 and 6916) were found inside the set of differentiating genes. The most marked change was noted for caspase-8 gene (about a 50% increase in the absolute value in transgenic males; Figure 6b ). In addition, expression of several additional apoptosis-related genes represented on DNA microarray was slightly up-or downregulated. The mouse genome database search using the TRANSFAC software (http://dbtss.hgc.jp) revealed 190 genes or hypothetical genes that contained HSE consensus sites in their promoter regions, which were represented in the used DNA microarray. However, only 12 of such HSE-containing genes were found inside the set of 713 differentiating genes, including Hsp105. Five HSE-containing genes were apoptosis-related: ankyrin3 (Ank3), Bcl2-antagonist/killer1 (Bak1), Casp8 and FADD-like apoptosis regulator or FLIP (Cflar), serine/threonine kinase 3 or STE20-like kinase (Stk3) and phosphatidylserine receptor (Ptdsr), but small differences in their expression levels between wild-type and transgenic males were statistically insignificant.
The gene expression profiles were also analyzed in the testes of either 22-day-old nontransgenic or transgenic mice. In this case, we observed a striking decrease of expression of the genes involved in spermatogenesis (63 genes À49%) and molecular chaperones (46 genes -40%) in the testes of transgenic animals in comparison to wild-type animals. Simultaneously, the pairwise analysis reveled numerous apoptosis-related genes that were differentially expressed in normal and transgenic animals. Among genes that were moderately or significantly upregulated (Tg/WT corrected signal log ratios 40.4) in the testes of transgenic animals, we have found proapoptotic Bcl-2 family proteins (Bax, Bid, Bok and Bcl-2 like protein 11), caspases (-6, -7, -8, -9), p53 and its proapoptotic target (TP53 apoptosis effector (PERP)), members of tumor necrosis factor receptor superfamily (TNFRSF-1, -6, -9, -12, -21), tumor necrosis factors (TNFSF-7, -8, -9, -11, -12), the tumor necrosis factor receptor-interacting proteins (TNF receptor associated factor (TRAF)-4, -5, -6, FADD, CRADD) and other effectors of apoptosis (e.g. cell death-inducing DFF45-like effector (CIDE)-A and -B). These data are consistent with the results of Western analyses of apoptotic proteins' levels and further confirm that different apoptotic pathways are involved in degeneration of spermatogenic cells expressing HSF1. However, because apoptosis was essentially advanced in the testes of 22-day-old animals, such massive changes reflect ongoing processes, but do not disclose the initiating events occurring earlier in development.
The constitutive spermatocyte-specific expression of HSP70i in double-transgenic males does not protect against HSF1-induced apoptosis
The expression of constitutively active HSF1 induces apoptosis in spermatogenic cells that, in contrast to somatic cells, remarkably do not express inducible Hsp70 genes. This leaves open the unanswered question of whether HSP70i proteins might have cytoprotective antiapoptotic effects in spermatocytes. To answer this question, we generated transgenic mice that contained the heat-inducible Hsp70.1 gene under control of the spermatocyte-specific promoter of the Hst70 gene (pHST-HSP70i). As expected, the transgene was specifically expressed in spermatocytes in a characteristic developmentally regulated manner (data not shown). The HSP70 þ transgenic males are fertile; seminiferous tubules in their testes have normal morphology, with no signs of degeneration ( Figure 7) . We mated the HSP70 þ transgenic males with HSF1 þ transgenic females to generate doubletransgenic animals that would express both HSP70i and constitutively active HSF1 in spermatocytes. As shown in Figure 7 (left panel), severe degeneration of the seminiferous epithelium still occurs in adult double-transgenic males, where majority of seminiferous tubules contained only premeiotic spermatogonia. The morphology of testes of HSF1 þ transgenic and double-transgenic males was indistinguishable. Similar to HSF1 þ transgenic males, clusters of cells with 
Discussion
Spontaneous male germ cell death during normal development most likely occurs in order to limit the number of germ cells, to match the supportive capacity of Sertoli cells, and this initial wave of apoptosis is characteristic of the premeiotic stage of spermatogenesis. Moreover, apoptosis serves as a checkpoint to eliminate spermatogenic cells with altered genomes, such as those harboring DNA damage. However, the mechanisms by which proapoptotic stimuli activate germ cell apoptosis are not well understood. The Bcl-2 family proteins, which are involved in regulation of the mitochondrialdependent apoptotic pathway, are indispensable for the development of male germ cells and genetically modified animals, with loss-or gain-of-function mutations in genes that encode either anti-or proapoptotic Bcl-2 proteins, exhibit impaired spermatogenesis and infertility (reviewed in Print and Loveland 2 ). It has been postulated that Fas-mediated pathways are involved in germ cell apoptosis induced by a paracrine mechanism by Sertoli cells, especially after certain types of testicular injury (e.g. ischemia). 48, 49 Apoptotic processes involved in testicular development could also be regulated by another death factor -TNFa, which is expressed in spermatocytes and spermatides (reviewed in Lysiak 50 ). In contrast, it has been reported that hyperthermia-induced apoptosis of spermatogenic cells remains unaffected in mice lacking either Fas receptor (TNFRSF-6) or Fas ligand (TNFSF-6), indicating that a Fas-dependent mechanism is dispensable in this process (reviewed in Hikim et al.
3 ). In our experimental model, apoptosis was induced in meiotic spermatogenic cells by expression of the constitutively active HSF1, which plausibly mimics heat-shock conditions. Consistent with earlier observations, the level of Fas ligand remained unchanged in the testes of HSF1-expressing animals. However, we observed elevated expression of caspase-8 and death-receptor adapter proteins in such transgenic males early after expression of the transgene. This suggests that both 'intrinsic' mitochondrial-dependent and 'extrinsic' death receptor/caspase-8-dependent pathways are involved in the HSF1-dependent induction of apoptosis in male germ cells.
As the most obvious, we have presumed that induction of apoptosis in spermatogenic cells expressing HSF1DRD is related to the transcriptional activity of HSF1. The HSF1 trimer binds to conserved HSE that consists of the 5-bp module [nGAAn] arranged as an array of inverted triple repeats, 51 and the mammalian genome would contain several thousand copies of such consensus sites (5 0 -nGAAnnTTCnnGAAn-3 0 ). In fact, computational genomic studies have revealed that 182 promoters of human genes contain likely HSEs and binding of HSF1 to 94 of them has been confirmed by chromatin immunoprecipitation experiments in somatic cells. 52 Moreover, it is well documented that, besides the regulation of Hsp genes, HSF1 can activate several other genes. 53, 54 In addition, HSF1 can also act as a negative regulator of certain non-heat shock genes, including interleukin (IL)-1b or TNFa. [55] [56] [57] Myers et al. 52 had shown that in heat-shocked somatic cells at least two promoters of putative apoptosisrelated genes -TNFRSF member 21 and death domain DNAbinding protein 2 -bound to and were activated by HSF1. Here we have aimed to disclose apoptosis-related genes that are regulated by HSF1 in spermatogenic cells.
In order to identify genes involved in the process of degeneration of spermatocytes, three groups of genes were selected for detailed analyses: genes specifically expressed in spermatocytes, genes encoding proteins involved in apoptosis and genes whose expression is regulated by HSF1. Expression of the most spermatocyte-specific genes was not changed significantly in testes of 15-day-old transgenic animals, when expression of the transgene and degenerative changes become detectable. Analysis of the expression of apoptosis-related genes revealed that only a gene encoding for caspase-8 happened to be significantly upregulated in the testes of transgenic mice early after expression of constitutively active HSF1. In fact, the promoter of the caspase-8 gene does not contain a HSE consensus site, thus HSF1 may not be directly responsible for its activation. Computational mouse genome analyses revealed five genes that are apoptosis-related and contain HSE in their promoters, but none of them was significantly up-or downregulated early after expression of HSF1. Among other genes, which contain HSE in their regulatory regions, only expression of the heat shock gene Hsp105 was significantly upregulated in the testes of 15-day-old transgenic mice. HSP105 is constitutively expressed in most mammalian tissues; yet, the role of this protein in cellular processes has not been unambiguously defined. In the rat testes, HSP105 was found to form complexes with p53 in the cytoplasm of germ cells at scrotal temperatures, while under heat shock conditions inducing spermatocyte apoptosis it dissociated from such complexes. 58 Germ cell death appeared to include p53-dependent mechanisms and p53 is essential to maintain cellular integrity and appropriate number of germ cells during spermatogenesis. 59 Thus, one might speculate that the increased expression of HSP105 can affect the functional status of p53 in testes of transgenic males and induce spermatocyte apoptosis.
In fact, the gene expression profiling of the hHSF1DRD-expressing animals did not reveal any simple clue as to the mechanism that induces degeneration of the seminiferous epithelium of transgenic males. The change in expression profile in hHSF1DRD mice is rather modest; this was probably because of a complex composition of the analyzed tissue and may not be resolved without isolation of specific populations of testicular cells. In addition, as an alternative explanation, one could also propose that active HSF1 interacts with other cellular protein(s), modifying its activity and inducing apoptosis, which is not clear at the moment. However, further deletion of the DNA-binding domain of the hHSF1DRD (residues 17-90, data not shown) totally abolished the ability of a corresponding transgene to induce apoptosis, indicating that transcriptional activity of HSF1 is indispensable for its proapoptotic functions in spermatocytes. Undoubtedly, the identification of apoptotic genes regulated by HSF1, either directly or indirectly, needs further analyses.
The apoptosis induced by constitutively active HSF1 was not observed in somatic tissues and appears to be restricted to spermatogenic cells. 39 Such tissue specificity could be explained if we assume that HSF1 regulates a set of genes (or modulates the functions of proteins), which are strictly related to processes specific for spermatogenic cells. Alternatively, one might postulate that the proapoptotic effects of HSF1 are compromised in somatic cells by the antiapoptotic activity of HSP70i, which are not expressed in spermatogenic cells. However, this latter explanation seems improbable in a light of the fact that spermatocyte-specific expression of HSP70i does not protect HSF1 þ /HSP70 þ double-transgenic males from HSF1-induced apoptosis in germ cells.
Materials and Methods

DNA constructs and generation of transgenic mice
The hHSF1DRD construct encoding an active form of human HSF1 (with a deletion of amino acids 221-315), driven by the human b-actin promoter, was kindly provided by Dr. A Nakai. 39 The b-actin promoter was replaced by the HindIII(À3402)-DraII(À62) fragment of the rat Hst70 gene promoter (GenBank accession no. X15705; coordinates of restriction sites refer to A ( þ 1) in the ATG codon), to obtain the pHST-hHSF1DRD plasmid used for generation of transgenic mice as described earlier (Figure 2) . 40 Breeding lines of transgenic mice were maintained by crosses to FVB/N males. The pHST-HSP70i plasmid was constructed by inserting the HindIII(À897)-BamHI(À120) fragment of the rat Hst70 gene in front of a coding sequence spanning positions from 619 to 2762 of the mouse Hsp70.1 gene (GenBank accession no. M35021) 60 cloned in the plasmid pCDNA3, which contains the bovine growth hormone polyadenylation sequence. To generate transgenic mice, the HindIII-PvuII fragment cut from the pHST-HSP70i plasmid was microinjected into the pronuclei of zygotes from FVB/N females by standard procedures. All animal experiments were approved by the Committee of Ethics and Animal Experimentation.
Cell lines and transfection
Mouse melanoma B16(F10) and Chinese hamster fibroblasts V79 cells were routinely cultured in RPMI 1640 medium (Sigma) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (ICN Pharmaceuticals, Inc.). and 40 mg/ml gentamicin sulfate (Sigma). Cells were grown at 371C and 5% CO 2 until 80-95% confluence. Cells were passaged every 2-3 days and harvested with 0.05% trypsin (Gibco BRL). The transient transfections were carried out using Lipofectaminet 2000 (Invitrogen) according to the manufacturer's protocol. At 1 day before transfection, cells were seeded on 60-mm plates at a concentration of 7.5 Â 10 5 /ml and incubated until 60-70% confluence. For each transfection, 8 mg of DNA was diluted into 500 ml of Opti-MEM (Gibco BRL) and added to the liposome dilution. The liposome dilution was prepared by adding 20 ml of liposomes (1 mg/ml) into 500 ml Opti-MEM, followed by incubation at room temperature for 5 min. The DNA-liposome mixtures were incubated for 30 min to allow DNA-liposome complexes to form. While complexes were forming, the cells were washed twice with serum-free medium and serumfree medium was added. DNA-liposome complexes were dropped on plates with cells, coincubated for 3 h, then DNA-liposome complexes were removed by a change of serum-free medium into medium supplemented with serum and cells were incubated for an additional 48 h (the transfection with empty vector did not induce HSP70i synthesis; not shown). Heat shock was performed by placement of the 60-mm plates of logarithmically growing cells in an incubator at a temperature 42.51C for 1 h. Cells were then allowed to recover at 371C for 6 h or lyzed immediately after heat shock.
Gel mobility shift assay
Nuclear extracts were prepared as described by Suzuki et al. 61 Briefly, nuclei isolated from cells lyzed by Nonidet-P40 were extracted with buffer consisting of 0.35 M NaCl, 5 mM EDTA, 1 mM DTT, 10 mM Hepes, pH 7.9 and 0.2 mM PMSF by incubation on ice for 20 min. DNA binding was determined after incubation of 5 mg of extracted nuclear proteins with a double-stranded oligonucleotide containing the HSE sequence (5 0 -GCT TCT AGA AGC TTC CTA GAA GCT TCT AGA A-3 0 ) labeled with 32 P. Binding buffer contained 20 mM Tris-HCl, pH 7.6, 5 mM MgCl 2 , 1 mM DTT, 5% glycerol, 1 mM EDTA, 0.2 M NaCl, 2 mg poly(dI-dC). Samples were electrophoresed on 6% polyacrylamide gels in 0.5 Â TBE. Gels were dried and exposed to an X-ray film.
RNA isolation, RT-PCR and hybridization
Total RNA was extracted using the guanidine isothiocyanate method. 62 RNA samples were purified from DNA contamination by digestion with DNaseI. 43 The RT-PCR assays were performed essentially according to Singer-Sam et al. 63 At the reverse transcription step, the reaction mixture (final volume 30 ml) contained: 1. Hybridization was carried out overnight with a 32 P-labeled internal oligonucleotide probe in hybridization solution containing 5 Â SSC, 5 Â Denhardt's reagent, 0.5% SDS, 100 mg/ml salmon sperm DNA at 55-651C. Membranes were washed at room temperature in 2 Â SSC, 0.1% SDS for 5 min, and then in 1 Â SSC, 0.1% SDS for 10 min and exposed to X-ray film at À701C. Oligonucleotide radioactive probes used were: HSF1 -5 0 -CTG ATG CTG AAC GAC AGT GG-3 0 ; HSP70i -5 0 -GCT CGC TCT GCT TCT CTT GT-3 0 .
Protein extraction and Western blotting
To prepare tissue extracts, mice were killed by cervical dislocation, testes were immediately dissected, frozen on dry ice and stored at À701C. -10 8 confluent cells washed twice with PBS were lyzed by incubation at 41C for 20 min in 150 ml of buffer consisting of 10 mM Tris-HCl (pH 7.6), 0.14 M NaCl, 15 mM MgCl 2 and 0.5% Nonidet P-40. Supernatants were collected after centrifugation at 14 000 Â g for 15 min. Proteins (100 mg) were separated on 8-15% SDS-PAGE gels and blotted to nitrocellulose filters (BA85 Schleicher & Schuell). The filters were blocked for 60 min in 5% non-fat milk in TTBS (250 mM Tris-HCl (pH 7.5), 0.1% Tween-20, 150 mM NaCl) and next incubated with primary antibody (listed on Figure 5 ; Pharmingen) at 41C overnight. The primary antibody was detected by appropriate secondary antibody conjugated with horseradish peroxidase (1 : 5000, Amersham) and visualized by ECL kit (Pierce). The activities of caspase-3, -8 and -9 were assessed in testicular extracts using Caspase Colorimetric Assay Kits (Biovision) according to the manufacturer's protocols. In all, 1 mg of protein extracts was incubated with a caspase substrate for 5 h at 371C and then the amount of product was measured spectrophotometrically. The testes of 10 animals were pooled for extract preparation and each assay was performed in triplicate.
Histopathology and immunohistochemistry
Mice were killed by cervical dislocation. Testes were immediately dissected and fixed overnight in 10% buffered formaldehyde at 41C, washed in phosphate-buffered saline (PBS) at 41C, dehydrated, paraffinembedded, and stained routinely with hematoxylin and eosin. The following primary antibodies were employed: anti-caspase-3 polyclonal Ab specific for cleaved p20 subunit (1 : 30, overnight at 41C) (Biovision) and anti-Hsp70 monoclonal Ab specific for inducible Hsp70i (1 : 50, overnight 41C) (clone SPA810; StressGen). Antigen retrieval step in 0.01 M citrate buffer, pH 6.0, was performed before immunohistochemistry procedure with ABC Vectastain kit (Vector), which was performed according to the manufacturer's guidelines. All steps were performed in a humid chamber at room temperature. DAB was used as a chromogen for visualization of immunohistochemical reactions and hematoxylin was used for counterstaining. Apoptotic cells with DNA breaks were detected using TUNEL assay. Briefly, testes were fixed and embedded in paraffin as described above. Sections were cut 5 mm thick, deparaffinized and rehydrated on glass slides, and then digested for 15 min at 371C with 20 mg/ml of proteinase K. Prepared sections were incubated with a mixture composed of terminal transferase (TdT) and labeled nucleotides (fluorescein dUTP) at 371C for 60 min according to the supplier's protocol (Roche). The samples were washed twice with PBS and treated with DAKO s fluorescent mounting medium. For simultaneous analysis of active caspase-3 and DNA breaks on the same specimen, immediately after staining for caspase-3 the specimen sections were processed for TUNEL. Counterstaining by hematoxylin and proteinase K digestion were omitted in this case.
Gene expression profiling by DNA microarrays
The analysis was performed using the Affymetrix high-density mouse genome 430A array. Total RNA was extracted as described above and purified using the RNeasy kit with on-column digestion with RNase free DNase I (Qiagen). cDNA was synthesized from 8 mg of purified total RNA using the Superscript Choice System (Invitrogen) with an oligo-dT primer containing a T7 promoter sequence (Amersham Pharmacia Biotech) and then reverse-transcribed with a T7 RNA polymerase incorporating biotinlabeled nucleotides using the BioArray RNA Transcript Labeling Kit (Enzo Diagnostic). Biotin-labeled cRNA probe samples were purified, fragmented and hybridized at 451C overnight to the 430A array (that contains over 22 600 probe sets representing transcripts and variants from over 14 000 well-characterized mouse genes). The arrays were washed, stained and scanned using a Fluidics Station and microarray scanner, which are components of the Affymetrix GeneChip Instrument System. The data were analyzed using Microarray Suite 5.0 (MAS) software.
